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We  synthesized  three  kinds  of  Pt-Ru/C  catalysts  (denoted  as  a,  b,  and  c)  through  conventional  polyol 
process  by  heating  the  reaction  solutions  to  different  temperatures  (120,  160  and  180  °C,  respectively) 
and  the  fourth  kind  of  catalyst  (denoted  as  d)  through  a  modified  polyol  process  at  180  °C.  By  using 
scanning  transmission  electron  microscopy  combined  with  energy  dispersive  X-ray  line  analysis,  we 
found  that  a  higher  reaction  temperature  resulted  in  more  uniform  particle-compositions  of  the  Pt-Ru 
catalysts,  which  could  be  ascribed  to  the  influence  of  temperature  on  the  reduction  rates  of  metal  ions. 
The  Pt-Ru/C-a  catalyst  showed  a  bimodal  particle-composition  distribution,  while  the  Pt-Ru/C-d  catalyst 
showed  the  narrowest  unimodal  distribution  due  to  the  highest  temperature  throughout  the  reaction. 
X-ray  diffraction  showed  that  all  the  Pt-Ru/C  catalysts  exhibited  low  alloying  degrees  of  Ru  with  Pt.  From 
high  resolution  transmission  electron  microscopy,  we  confirmed  that  the  un-alloyed  Ru  was  present  in 
an  amorphous  form  (likely  RuOx),  and  moreover,  its  distribution  varied  greatly  in  different  catalysts.  In 
the  Pt-Ru/C-d  catalyst,  the  amorphous  RuOx  intimately  contacted  with  the  Pt/Pt-rich  alloy,  forming  nano¬ 
composite  particles.  The  most  uniform  compositions  of  Pt-Ru  particles  in  the  Pt-Ru/C-d  catalyst  resulted 
in  the  highest  electrocatalytic  activity  on  methanol  oxidation. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polyol  synthesis  has  been  widely  adopted  to  prepare  carbon 
supported  Pt-Ru  nanoparticles  [1-8],  which  are  used  as  the  elec¬ 
trocatalysts  for  the  anode  methanol  oxidation  in  direct  methanol 
fuel  cells.  In  a  typical  polyol  process,  ethylene  glycol  (EG)  solution 
of  mixed  metal  precursors  (e.g.  H2PtCl6  and  RUCI3 )  was  heated  to  an 
elevated  temperature  to  reduce  the  metal  ions,  where  EG  acted  as 
both  solvent  and  reducing  agent.  The  formed  metal  particles  were 
then  subsequently  or  in-situ  deposited  on  a  suitable  carbon  sup¬ 
port  (e.g.  carbon  black).  Previous  works  on  the  polyol  synthesis  are 
mainly  focused  on  the  size  control  of  metal  nanoparticles  by  tailor¬ 
ing  the  pH  value  of  the  reaction  solutions  [1,9,10].  However,  on  the 
basis  of  the  well-known  bi-functional  mechanism  [1],  it  is  noted 
that  the  electrocatalytic  activity  of  Pt-Ru  catalysts  on  the  methanol 
oxidation  is  not  only  dependent  on  their  sizes,  but  also  strongly 
dependent  on  the  distribution  of  Pt  and  Ru  sites  at  the  atomic  level. 
And,  it  is  generally  considered  that  the  50:50  at%  Pt-Ru  alloy  is  the 
most  beneficial  in  this  regard  [1,11].  Nevertheless,  Rolison  and  co¬ 
workers  [12]  argued  that  the  un-alloyed  structure  consisted  of  Pt 
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metal  and  amorphous  hydrous  ruthenium  oxide  (Ru02xH20)  was 
more  active  than  the  alloyed  one  due  to  the  high  electron  and  pro¬ 
ton  conductivity.  This  point  was  also  demonstrated  recently  by  Cao 
et  al.  [13],  who  further  proposed  that  the  Ru02xH20  could  donate 
hydroxide  species  more  easily  to  Pt  sites  to  aid  CO  oxidation  than 
the  alloyed  Ru. 

In  most  works  on  the  polyol-synthesized  Pt-Ru  catalysts 

[1.2.14.15] ,  it  was  reported  that  Ru  was  only  partially  dissolved  in 
the  face-centered  cubic  Pt  lattice  (i.e.  formed  alloy  with  Pt)  and  a 
separate  amorphous  oxidized  Ru  species  (RuOx)  might  also  existed 

[1.15] .  In  the  reference  [2],  it  was  even  reported  that  the  Pt-Ru  par¬ 
ticles  did  not  form  alloy.  Guo  et  al.  [15]  further  suggested  that  the 
active  material  of  Ru  in  the  polyol-synthesized  Pt-Ru/C  catalysts 
was  un-alloyed  amorphous  RuOx  instead  of  alloyed  Ru.  Whether 
the  promotion  effect  comes  from  the  alloyed  Ru  with  Pt  or  comes 
from  the  Ru02xH20/Ru0x,  it  is  believed  that  an  intimate  contact  of 
a  certain  amount  of  Ru  species  with  Pt  in  each  individual  particle,  i.e. 
a  uniform  composition  of  Pt-Ru  particles,  is  crucial  to  maximize  the 
promotion  effect  of  Ru  for  high  catalytic  activity.  However,  there  are 
few  reports  on  the  control  of  a  uniform  composition  of  Pt-Ru  parti¬ 
cles  during  the  polyol  synthesis,  and  how  the  amorphous  Ru  species 
distributed  in  the  polyol-synthesized  catalysts  is  still  unknown  up 
to  now.  Central  to  this  work  is  therefore  to  explore  such  question. 
On  the  other  hand,  the  influences  of  solution  pH  value  [1,16]  and 
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reaction  atmosphere  [14]  during  the  polyol  synthesis  on  the  char¬ 
acteristics  and  activities  of  the  Pt-Ru/C  catalysts  have  been  explored. 
However,  there  are  few  studies  on  the  influence  of  the  reaction 
temperature,  although  a  wide  range  of  temperatures  (110-198  °C) 
[1-3,11,15,16]  has  been  adopted  during  the  polyol  synthesis.  In  this 
work,  we  find  that  the  reaction  temperature  has  a  great  influence 
on  the  particle-composition  distributions  and  therefore  the  activi¬ 
ties  of  polyol-synthesized  Pt-Ru/C  catalysts.  The  structure  and  the 
distribution  of  the  Ru  species  and  their  influence  on  the  catalytic 
activities  towards  methanol  oxidation  were  investigated. 

2.  Experimental 

H2PtCl6-6H20  and  RuC13xH20  were  used  as  the  precursors  of 
Pt-Ru  catalysts,  and  Vulcan  XC  carbon  black  was  used  as  catalyst 
support.  The  Pt-Ru/C  (20wt.%  Pt  and  10wt.%  Ru)  catalysts  were 
synthesized  through  a  conventional  polyol  process  [3,5,15]  and  a 
modified  polyol  process,  where  the  temperatures  were  controlled 
differently.  For  comparison,  Pt/C  (20  wt.%  Pt)  catalyst  was  also  syn¬ 
thesized  through  the  modified  polyol  process. 

(1)  In  the  conventional  polyol  process,  140  mg  carbon  support, 
860  p,L  mixed  EG  solution  of  H2PtCl6  and  RuC13  (containing 
40  mg  Pt  and  20  mg  Ru),  and  1.42  mL  EG  solution  of  NaOH 
(1.0  mol  L-1)  were  added  to  50  mL  EG  with  magnetic  stirring 
and  ultrasonic  treatment  to  form  a  homogeneous  solution.  The 
pH  value  of  the  reaction  solution  was  ca.  10.0.  The  whole  solu¬ 
tion  was  then  heated  from  room  temperature  to  120,  160,  or 
180  °C  within  ca.  15  min  by  being  placed  in  a  pre-heated  oil  bath. 
After  3  h  reaction,  the  solution  was  cooled  and  then  filtered. 


The  obtained  catalyst  was  denoted  as  Pt-Ru/C-a,  Pt-Ru/C-b  and 
Pt-Ru/C-c,  respectively. 

(2)  In  the  modified  polyol  process,  140 mg  carbon  support  and 
1.42  mL  EG  solution  of  NaOH  (1.0  mol  L-1 )  were  added  to  50  mL 
EG  with  magnetic  stirring  and  ultrasonic  treatment  to  form  a 
homogeneous  solution.  The  solution  was  then  heated  to  180  °C 
in  an  oil  bath.  When  the  solution  reached  180  °C,  860  f±L  mixed 
EG  solution  of  H2PtCl6  and  RuC13  (containing  40  mg  Pt  and 
20  mg  Ru)  were  quickly  added.  After  10  min  reaction,  the  whole 
solution  was  cooled  and  then  filtered.  The  obtained  catalyst  was 
denoted  as  Pt-Ru/C-d.  The  process  for  preparing  Pt/C  catalyst  is 
similar,  except  that  the  relative  amount  of  H2PtCl6  and  NaOH 
was  adjusted.  For  all  the  catalysts  synthesized  above,  the  weight 
calculation  indicated  that  the  Pt  or  Pt-Ru  conversion  was  nearly 
100%  during  the  reduction  and  deposition  on  carbon  support. 

Transmission  electron  microscopy  (TEM)  and  high  resolution 
TEM  (HRTEM)  were  performed  on  JEOL-2100F  operated  at  200  kV. 
Angular  dark  field  (ADF)  images  were  taken  in  scanning  TEM 
(STEM)  mode  with  an  energy  dispersive  X-ray  (EDX)  spectrometer. 
A  slightly  larger  probe  size  of  0.7  nm  was  used  to  generate  a  higher 
X-ray  signal,  and  an  automatic  specimen-drift  correction  technique 
was  used.  Powdered  X-ray  diffraction  (XRD)  was  performed  with  a 
filtered  Cu-Ka  radiation.  The  20  angular  range  between  15°  and 
90°  was  explored  at  a  scanning  rate  of  4°  min-1  in  the  resolution 
of  0.017°.  Silicon  powder  was  homogeneously  grounded  with  the 
catalyst  sample  to  be  used  as  an  internal  standard. 

The  electrochemical  measurements  were  performed  in  single 
compartment  with  three-electrode  cell  at  room  temperature.  To 
prepare  the  working  electrode,  10.0  mg  of  the  catalyst  sample  was 


Fig.  1.  TEM  images  of  the  Pt-Ru/C  catalysts,  (a)  Pt-Ru/C-a,  (b)  Pt-Ru/C-b,  (c)  Pt-Ru/C-c,  and  (d)  Pt-Ru/C-d. 
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Fig.  2.  STEM -AD  F  images  (a,  b,  c  and  d)  and  EDX  line  analysis  (e,  f,  g  and  h)  along  the  dash  lines  indicated  in  (a,  b,  c  and  d)  for  the  Pt-Ru/C-a,  Pt-Ru/C-b,  Pt-Ru/C-c  and  Pt-Ru/C-d 
catalyst,  respectively.  As  a  guide,  the  compositions  of  Pt-Ru  particles  along  the  dash  line  in  (a)  were  determined  from  the  areas  of  the  peaks  in  (e). 
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dispersed  in  900  pX  isopropanol  +100  pL  Nation  solution  (5wt.%, 
DuPont),  and  then  ultrasonically  dispersed  for  15  min  to  form  a  uni¬ 
form  suspension.  Then  1.0  pL  of  the  suspension  was  dropped  onto 
a  glassy  carbon  electrode  (3.0  mm  in  diameter)  to  form  a  uniform 
catalyst  layer  that  was  then  dried  at  60  °C  for  15  min.  A  Pt  foil  was 
used  as  the  counter  electrode  and  a  Hg/Hg2S04  electrode  was  used 
as  the  reference  electrode.  All  the  potentials  referred  in  this  paper 
are  with  respect  to  normal  hydrogen  electrode  (NHE). 

3.  Results  and  discussion 

Fig.  la-d  shows  the  TEM  images  of  the  synthesized  Pt-Ru/C-a, 
Pt-Ru/C-b,  Pt-Ru/C-c  and  Pt-Ru/C-d  catalyst,  respectively.  As  shown 
in  Fig.  1,  the  Pt-Ru  nanoparticles  are  well  dispersed  on  the  carbon 
supports  and  exhibit  similar  particle  sizes  in  the  range  of  2-3  nm  in 
all  the  Pt-Ru/C  catalysts.  Therefore,  the  reaction  temperature  seems 
to  have  no  significant  influence  on  the  particle  sizes  of  Pt-Ru  cata¬ 
lysts.  In  a  number  of  references  [1,9,10],  it  was  reported  that  the  pH 
value  of  the  reaction  solution  played  an  important  role  in  the  size 
control  of  metal  nanoparticles.  In  this  study,  all  the  Pt-Ru/C  cata¬ 
lysts  were  prepared  using  the  same  amount  of  alkali  (i.e.  the  same 
pH  value)  and  therefore  showed  similar  particle  sizes  of  Pt-Ru. 

From  the  large  area  EDX  analysis  in  TEM,  all  the  Pt-Ru/C  catalysts 
were  confirmed  to  possess  the  same  composition  of  Pt-Ru  as  the 
nominal  atomic  ratio,  i.e.  Pt:Ru  =  1 :1.  To  study  the  composition  dis¬ 


tribution  of  the  Pt-Ru  particles  at  nanoscale,  we  further  performed 
STEM  coupled  with  EDX  line  analysis.  Fig.  2a  shows  the  STEM  image 
of  the  Pt-Ru/C-a  catalyst.  An  EDX  line  spectrum  was  acquired  along 
the  white  line  marked  in  Fig.  2a,  and  the  Pt  and  Ru  counts  were  plot¬ 
ted  over  the  scanning  distance,  as  shown  in  Fig.  2e.  By  measuring 
the  areas  of  the  peaks  in  Fig.  2e  and  using  the  Cliff-Lorimer  equa¬ 
tion  [17,18],  we  could  determine  the  atomic  ratio  of  Pt:Ru  for  each 
Pt-Ru  particle.  In  the  Pt-Ru/C-a  catalyst,  we  found  that  the  distribu¬ 
tions  of  Pt  and  Ru  showed  significant  segregation:  some  particles 
exhibited  Pt-rich  compositions  (e.g.  particle  4  and  5);  while  some 
particles  showed  Ru-rich  compositions  or  even  consisted  of  only  Ru 
(e.g.  particle  2  and  3).  In  the  Pt-Ru/C-b  catalyst  (Fig.  2b),  the  com¬ 
positions  of  Pt-Ru  particles  became  more  uniform,  and  no  particles 
that  consisted  of  only  Ru  were  found,  as  shown  in  Fig.  2f.  However, 
there  is  still  some  fluctuation  of  the  atomic  concentration  of  Ru. 
Such  fluctuation  also  exists  in  the  Pt-Ru/C-c  catalysts  (Fig.  2  c  and 
g).  However,  in  the  Pt-Ru/C-d  catalyst  shown  in  Fig.  2d,  we  find  that 
the  atomic  concentration  of  Ru  becomes  quite  uniform  and  shows 
little  fluctuation  along  the  scanned  Pt-Ru  particles  (Fig.  2  h). 

To  gain  a  certain  extent  of  statistical  meaning,  we  performed 
similar  STEM-EDX  line  analysis  over  40-50  particles  in  each  kind  of 
Pt-Ru/C  catalysts.  The  histograms  of  the  particle-composition  dis¬ 
tributions  of  Pt-Ru  in  different  Pt-Ru/C  catalysts  are  plotted  in  Fig.  3. 
In  the  Pt-Ru/C-a  catalyst  synthesized  at  120  °C,  the  compositions 
of  Pt-Ru  particles  exhibit  a  bimodal  distribution,  i.e.  Pt-rich  parti- 
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Fig.  3.  Histograms  of  composition  distributions  of  Pt-Ru  particles  in  (a)  Pt-Ru/C-a,  (b)  Pt-Ru/C-b,  (c)  Pt-Ru/C-c  and  (d)  Pt-Ru/C-d  catalyst. 


cles  and  Ru-rich  particles,  suggesting  significant  segregation.  In  the 
Pt-Ru/C-b  catalyst  synthesized  at  160  °C,  the  compositions  of  Pt- 
Ru  particles  become  to  show  a  unimodal  distribution,  as  shown  in 
Fig.  3b.  However,  the  distribution  appears  quite  wide.  A  likewise 
wide  composition  distribution  is  shown  in  the  Pt-Ru /C-c  catalyst 
synthesized  at  180  °C  (Fig.  3c),  indicating  that  further  increase  of 
temperature  in  the  conventional  polyol  process  did  not  produce 
more  uniform  compositions.  However,  it  is  exciting  that  the  com¬ 
positions  of  Pt-Ru  particles  show  quite  a  narrow  distribution  in  the 
Pt-Ru/C-d  catalyst  synthesized  by  the  modified  polyol  process  at 
180  °C,  as  shown  in  Fig.  3d. 

The  STEM-EDX  analysis  therefore  shows  a  great  influence  of 
reaction  temperature  on  the  particle-composition  distributions  of 
the  polyol-synthesized  Pt-Ru  catalysts.  A  higher  reaction  temper¬ 
ature  would  generally  result  in  more  uniform  compositions  with 


Fig.  4.  XRD  patterns  of  the  Pt-Ru/C  catalysts.  Silicon  powder  was  homogeneously 
added  as  an  internal  standard.  Column  plot  in  dash  lines  is  PDF#040802  for  Pt. 


a  narrower  distribution.  This  result  may  be  possibly  originated 
from  the  different  reduction  kinetics  of  the  two  types  of  precursors 
(i.e.  PtCl62-  and  Ru3+).  Previous  studies  on  the  polyol  synthesis  of 
Pt-Ru  catalysts  showed  that  some  Ru3+  ions  failed  to  be  reduced 
simultaneously  with  PtClg2-,  which  might  be  due  to  the  lower 
redox  potential  of  Ru3+/Ru  (E°  ~0.62  V)  compared  with  PtCl62_/Pt 
(E°  ~  0.74V)  [3,15,19].  It  should  be  noted  here  that  the  detailed 
reduction  mechanism  might  be  much  more  complicated  because 
hydrolysis  of  metal  ions  might  occur  and  metal  hydroxide  could 
form  especially  at  alkaline  conditions  [16].  Although  the  detailed 
mechanism  was  unclear,  Lee  et  al.  [  11  ]  found  that  the  reduction  path 
of  Ru3+  was  very  complex  compared  with  that  of  PtCl62-  by  using 
UV-vis  spectrum.  We  therefore  speculate  that,  the  reduction  of  Ru3+ 
might  be  more  difficult  and  thus  showed  larger  apparent  activation 
energy  than  that  of  PtCl62-  during  the  polyol  synthesis.  Therefore, 
at  a  low  reaction  temperature,  PtCl62-  might  be  reduced  faster  than 
Ru3+  and  thus  Pt-rich  particles  would  form  at  the  early  stage  of  the 
reaction.  When  PtCl62-  were  over-consumed  during  the  course  of 
the  reduction,  the  concentration  of  Ru3+  became  larger  than  that 
ofPtCl62-  and  thus  Ru-rich  particles  would  form  at  the  later  stage. 
This  situation  coincides  very  well  with  the  bimodal  composition 
distribution  shown  in  the  Pt-Ru/C-a  catalyst.  When  the  reaction 
temperature  increased,  it  is  noted  that  the  rate  of  the  reaction  with 
higher  activation  energy  would  increase  more  significantly  than 
that  of  the  reaction  with  lower  activation  energy,  according  to  the 
well-known  Arrhenius  relationship.  Therefore,  the  Ru3+  reduction 
would  be  accelerated  more  significantly  than  the  PtCl62-  reduc¬ 
tion,  and  thus  the  difference  of  the  reduction  rates  between  the  two 
types  of  metal  ions  could  be  minished.  In  another  word,  a  higher 
reaction  temperature  could  activate  the  simultaneous  reduction  of 
Ru3+  with  PtCl62-  and  lead  to  more  uniform  compositions.  This  is 
clearly  demonstrated  in  the  Pt-Ru/C-b  catalyst  (Fig.  3b)  compared 
with  the  Pt-Ru/C-a  catalyst. 

From  Fig.  3c,  one  can  see  that  the  Pt-Ru/C-c  catalyst  shows  no 
more  uniform  compositions  compared  with  the  Pt-Ru/C-b  catalyst, 
though  the  former  was  synthesized  at  a  higher  temperature.  This 
result  could  be  ascribed  to  a  limit  control  of  the  real  reaction  tem¬ 
perature  in  the  conventional  polyol  process.  Bock  et  al.  found  that, 
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Fig.  5.  HRTEM  images  of  (a  and  b)  Pt-Ru/C-a,  and  (c  and  d)  Pt-Ru/C-d  catalyst.  The  enlarged  images  of  particle  ‘A’  and  ‘B’  in  (a)  and  their  corresponding  FFT  patterns  are  shown 
in  (b).  The  enlarged  images  of  particle  ‘C’,  ‘D’,  ‘E’  and  ‘F’  in  (c)  are  shown  in  (d),  where  the  circles  indicate  the  amorphous  part  of  the  particles.  All  the  scale  bars  in  (b)  and  (d) 
represent  1  nm. 


though  the  reaction  solution  was  heated  from  room  temperature  to 
160  °C  within  20  min,  the  reduction  of  Pt-Ru  would  complete  within 
5  min  and  the  solution  temperature  reached  ca.  130  °C  within  this 
time  [1].  Therefore,  despite  the  Pt-Ru/C-b  and  Pt-Ru/C-c  catalyst 
were  synthesized  under  the  nominal  temperature  of  160  and  180  °C, 
respectively,  the  actual  reaction  temperatures  may  be  similarly 
lower  ones,  leading  to  both  wide  composition  distributions.  Based 
on  this  result,  we  believed  that,  once  a  higher  actual  reaction  tem¬ 
perature  was  achieved,  the  compositions  of  Pt-Ru  particles  would 
be  more  uniform.  This  point  is  well  illustrated  in  the  Pt-Ru/C-d  cat¬ 
alyst  synthesized  through  the  modified  polyol  process,  where  the 
actual  reaction  temperature  could  be  steadily  controlled  at  180  °C 
throughout  the  synthesis.  The  Pt-Ru/C-d  catalyst  shows  the  most 
uniform  compositions  with  the  narrowest  distribution,  as  clearly 
shown  in  Fig.  3d. 

To  explore  the  crystalline  structure  of  the  Pt-Ru  particles,  we 
carried  out  XRD  measurements.  The  XRD  data  shown  in  Fig.  4  were 
collected  with  Si  as  an  internal  standard.  The  diffraction  peaks 
of  the  face-centered  cubic  Pt  lattice  are  clearly  recognized  in  all 
the  catalysts.  As  reported  in  other  references  [1,5,15],  we  found  no 
diffraction  peaks  for  Ru,  which  could  be  ascribed  to  a  number  of 


reasons  such  as  forming  Pt-Ru  alloy  or  the  Ru  being  present  in  the 
amorphous  form.  By  fitting  the  Pt  (2  2  0)  peaks  after  background 
subtracting,  we  found  that  the  positions  of  the  Pt  (2  2  0)  peaks  for 
the  four  kinds  of  catalysts  were  all  quite  close  to  that  for  pure  Pt.  The 
lattice  parameter  estimated  from  Pt  (2  2  0)  peak  for  the  Pt-Ru/C-d 
catalyst  is  0.3905  nm,  which  is  slightly  smaller  than  the  reported 
value  for  pure  Pt  (0.3916  nm).  Calculating  by  the  formula  reported 
by  Antolini  and  Cardellini  [20],  we  found  that  only  a  small  amount 
of  Ru  formed  alloy  with  Pt  (ca.  8  at%  Ru  in  alloyed  Pt-Ru).  Similar 
results  were  obtained  from  the  other  catalysts,  while  accurate  val¬ 
ues  of  alloying  extent  are  not  listed  here  due  to  calculated  errors 
from  the  broad  Pt  (2  2  0)  peaks.  The  XRD  results  therefore  indicate 
that  most  of  Ru  did  not  form  alloy  with  Pt  and  they  might  be  amor¬ 
phous  [1,15].  By  using  temperature-programmed  reduction,  Guo  et 
al.  [15]  found  that  the  un-alloyed  amorphous  Ru  were  generally  in 
a  form  of  oxidized  state,  i.e.  RuO*.  Li  et  al.  [14]  further  reported  that 
the  high  content  of  oxidized  Ru  species  in  the  un-alloyed  Pt-Ru  cat¬ 
alysts  was  attributed  to  re-oxidation  of  Ru  colloids  by  oxygen  in 
air  during  the  catalyst  preparation.  Whether  the  RuO*  contained 
structural  water  (i.e.  formed  hydrous  RuOx)  or  not  is  still  unclear 
now  and  needs  further  studies. 
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The  amorphous  Ru  species  were  clearly  identified  by  HRTEM 
images,  and  moreover,  their  distribution  seemed  to  be  quite  differ¬ 
ent  in  different  catalysts.  In  the  Pt-Ru/C-a  catalyst  shown  in  Fig.  5a, 
two  distinct  structure  of  the  supported  particles  could  be  found, 
i.e.  particle  ‘A’  that  seems  to  be  crystalline  and  particle  ‘B’  that 
shows  to  be  amorphous,  as  confirmed  by  the  corresponding  fast 
Fourier  transformed  (FFT)  patterns  shown  in  Fig.  5b.  The  amor¬ 
phous  particle  ‘B’  could  be  therefore  identified  as  an  individual  RuOx 
particle,  which  is  also  in  agreement  with  the  STEM-EDX  analysis 
result  shown  in  Fig.  2b.  In  contrary,  individual  amorphous  particles 
were  rarely  observed  in  the  Pt-Ru/C-d  catalyst,  as  shown  in  Fig.  5c. 
Interestingly,  we  found  that  a  number  of  particles,  e.g.  particle  ‘D\ 
‘E’  and  ‘F,  showed  a  composite  structure.  A  careful  examination 
of  their  enlarged  images  in  Fig.  5d  indicates  that  these  particles 
generally  consist  of  an  amorphous  part  that  intimately  contacts 
with  a  crystalline  part,  which  may  correspond  to  the  RuOx  species 
and  Pt/Pt-rich  alloy,  respectively.  Since  the  HRTEM  images  only 
generate  two-dimensional  information  by  projecting  from  a  three- 
dimensional  structure  [21  ]  and  the  amorphous  phase  shows  much 
lower  contrast  compared  with  the  crystalline  phase,  we  could  not 
determine  the  actual  three-dimensional  distribution  of  the  amor¬ 
phous  RuOx  species  in  the  composite  particles.  Similarly,  one  could 
not  identify  the  particle  ‘A’  and  ‘C’  to  be  completely  crystalline  ones. 
However,  a  comprehensive  analysis  of  the  HRTEM  images  with  the 
STEM-EDX  and  XRD  results  could  show  us  that,  the  distribution  of 
the  amorphous  RuOx  varied  greatly  in  the  catalysts,  i.e.  the  higher 
the  reaction  temperature,  the  more  uniform  the  distribution  of 
amorphous  RuOx  in  the  Pt-Ru  particles. 

To  study  the  electrocatalytic  activities  of  the  catalysts,  we  also 
synthesized  Pt/C  catalyst  by  the  modified  polyol  process  for  com¬ 
parison.  TEM  images  (not  shown  here)  confirmed  that  the  Pt/C 
catalyst  also  showed  a  good  dispersion  of  the  Pt  particles  with 
the  sizes  in  the  range  of  2-3  nm.  We  then  characterized  all  the 
catalysts  by  cyclic  voltammetry  in  nitrogen  saturated  0.1  molL-1 
HC104  aqueous  solution,  as  shown  in  Fig.  6.  The  voltammograms 
clearly  show  the  hydrogen  adsorption/desorption  in  the  potential 
region  of  ca.  0-0.3  V.  The  Pt  electroactive  surface  area  (ESA)  could  be 
estimated  from  the  integrate  charge  associated  with  the  hydrogen 
adsorption  [22].  The  values  are  65,  43,  54,  56  and  56m2/g  for  Pt/C, 
Pt-Ru/C-a,  Pt-Ru/C-b,  Pt-Ru/C-c  and  Pt-Ru/C-d  catalyst,  respectively. 
It  can  be  seen  that  all  the  Pt-Ru/C  catalysts  show  lower  ESA  values 
than  the  Pt/C  catalyst,  possibly  because  the  addition  of  Ru  caused 
the  Pt  surface  sites  partially  covered  [22].  In  addition,  the  Pt-Ru/C-a 


Fig.  6.  Cyclic  voltammograms  on  different  catalyst  electrodes  in  N2  saturated 
0.1  molL-1  HCIO4  aqueous  solution  at  a  scanning  rate  of  20mVs_1.  All  the  curves 
refer  to  the  voltammograms  in  the  20th  cycle,  where  a  steady  response  was  obtained. 
The  currents  were  normalized  to  the  mass  of  Pt. 


Fig.  7.  Voltammograms  of  methanol  oxidation  on  different  catalyst  electrodes  in  N2 
saturated  1.0  mol  L-1  CH3OH  +  0.1  mol  L-1  HCIO4  aqueous  solution  at  a  scanning  rate 
of  20  mV  s-1 .  The  currents  are  normalized  to  (a)  the  mass  and  (b)  the  ESA  of  Pt.  For 
clarity,  all  the  curves  refer  to  the  forward  part  of  the  cyclic  voltammograms  in  the 
20th  cycle,  where  a  steady  response  was  obtained. 

catalyst  also  shows  lower  ESA  than  the  other  Pt-Ru/C  catalysts.  The 
reason  for  this  is  unclear,  but  possibly  could  be  that,  the  deposition 
of  Ru  was  much  slower  than  that  of  Pt  in  the  Pt-Ru/C-a  catalyst,  and 
therefore  Ru  might  deposit  on  pre-formed  Pt  nuclei  and  formed 
Pt-core/Ru-shell  particles,  which  resulted  in  less  Pt  surface  sites. 

We  further  performed  cyclic  voltammetry  measurements  of  all 
the  catalysts  in  nitrogen  saturated  1.0 mol L-1  CH3OH  +0.1  molL-1 
HCIO4  aqueous  solution  to  investigate  their  electrocatalytic  activi¬ 
ties  towards  methanol  oxidation.  Fig.  7a  shows  the  voltammograms 
in  terms  of  mass-normalized  currents  that  represent  the  overall 
catalytic  activities.  In  the  potential  region  of  0.4-0.5  V  relevant  to 
fuel  cell  research,  the  mass-normalized  currents  are  in  the  order  of 
Pt-Ru/C-d  >  Pt-Ru/C-c^  Pt-Ru/C-b  >  Pt-Ru/C-a  >  Pt/C.  To  reveal  the 
effect  of  intrinsic  catalytic  activities,  Fig.  7b  shows  the  currents  nor¬ 
malized  to  the  ESA  of  all  the  catalysts.  It  can  be  seen  that  the  intrinsic 
catalytic  activities  in  the  potential  region  of  0.4-0.5  V  are  also  in  the 
order  of  Pt-Ru/C-d  >  Pt-Ru/C-c  «  Pt-Ru/C-b  >  Pt-Ru/C-a  >  Pt/C.  We 
further  measured  the  steady-state  chronoamperometric  curves  at  a 
given  potential  of  0.5  V.  As  shown  in  Fig.  8,  the  steady-state  current 
density  on  the  Pt-Ru/C-d  catalyst  (0.116  mAcnrr2Pt)  is  enhanced  to 
ca.  150%  of  that  on  Pt-Ru/C-b  and  Pt-Ru/C-c  (0.078  mA  cm-2Pt),  180% 
of  that  on  Pt-Ru/C-a  (0.065  mA  cm-2 Pt),  and  720%  of  that  on  Pt/C 
(0.016  mA  cm-2Pt).  The  enhancement  in  the  intrinsic  catalytic  activ¬ 
ities  of  Pt-Ru/C  catalysts  compared  with  Pt/C  catalyst  is  significant, 
which  clearly  demonstrates  the  promotion  effect  of  Ru.  Moreover, 
when  we  correlate  the  order  of  catalytic  activities  with  the  struc¬ 
ture  characterization  results,  it  can  be  concluded  that,  the  more 
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Fig.  8.  Chronoamperometric  curves  of  methanol  oxidation  on  different  catalyst 
electrodes  at  0.5  V  in  N2  saturated  1.0 mol L-1  CH3OH  +  O.l  molL-1  HC104  aqueous 
solution.  The  currents  are  normalized  to  the  ESA  of  Pt. 

uniform  the  particle-compositions,  the  higher  the  catalytic  activ¬ 
ities  of  Pt-Ru/C  catalysts.  The  highest  intrinsic  catalytic  activity  of 
the  Pt-Ru/C-d  catalyst  is  therefore  definitely  ascribed  to  the  most 
uniform  particle-compositions,  which  could  maximize  the  utiliza¬ 
tion  and  thus  the  promotion  effect  of  Ru.  It  should  be  noted  that, 
besides  the  particle-composition,  the  chemical  state  of  Ru  in  the  Pt- 
Ru  particles  may  also  have  an  important  influence  on  the  catalytic 
activities.  The  composite  Pt-RuO*  structure,  i.e.  amorphous  RuOx  on 
Pt,  was  shown  in  this  work.  However,  the  detailed  benefits  of  the 
composite  Pt-RuOx,  especially  its  superiority  over  alloyed  Pt-Ru  in 
the  electrocatalysis  of  methanol  oxidation,  are  not  within  the  scope 
of  this  work.  In  fact,  this  point  is  still  controversial  and  conflicted 
results  seem  to  be  shown  in  different  references  [12,14].  Therefore, 
further  detailed  studies  are  needed  regarding  on  this  issue. 

Our  work  also  demonstrates  that  a  high  reaction  temperature 
throughout  the  polyol  synthesis  is  necessary  to  achieve  a  uniform 
particle-composition  of  Pt-Ru/C  catalysts,  and  this  condition  could 
be  easily  realized  in  the  modified  polyol  process.  This  result  may 
also  be  helpful  to  understand  possible  advantages  of  the  recently 
developed  microwave-polyol  process  for  the  synthesis  of  Pt-Ru/C 
catalysts  [7,22],  where  the  reaction  solution  could  be  rapidly  heated 
(normally,  within  1-2  min)  to  a  high  temperature  (e.g.  the  boiling 
point  of  EG,  198  °C)  under  the  microwave  irradiation.  Such  rapid 
heating  may  be  beneficial  to  achieve  a  high  reaction  tempera¬ 
ture  throughout  the  synthesis  and  therefore  results  in  a  uniform 
particle-composition  of  the  Pt-Ru/C  catalysts. 

4.  Conclusion 

During  the  polyol  synthesis  of  Pt-Ru/C  catalysts,  the  reaction 
temperature  has  a  great  influence  on  the  composition  distri¬ 


butions  of  the  Pt-Ru  particles,  which  could  be  ascribed  to  the 
influence  on  the  different  reduction  rates  of  the  two  types  of 
metal  precursors.  A  higher  reaction  temperature  would  promote 
the  simultaneous  reduction  of  Pt  and  Ru  precursors,  thus  leading 
to  more  uniform  compositions  of  Pt-Ru  particles.  All  the  Pt-Ru/C 
catalysts  showed  quite  a  low  alloying  degree  of  Pt-Ru  and  con¬ 
tained  amorphous  RuOx,  while  the  distribution  of  RuOx  were  quite 
different.  The  Pt-Ru/C-a  catalyst  synthesized  at  the  lowest  tem¬ 
perature  showed  a  bimodal  particle-composition  distribution  and 
contained  individual  RuOx  particles.  In  contrary,  due  to  the  high¬ 
est  reaction  temperature  throughout  the  synthesis,  the  Pt-Ru/C-d 
catalyst  showed  the  most  uniform  compositions  of  Pt-Ru  parti¬ 
cles,  in  which  the  amorphous  RuOx  intimately  contacted  with 
the  Pt/Pt-rich  alloy.  The  Pt-Ru/C-d  catalyst  with  the  most  uniform 
particle-compositions  of  Pt-Ru  resulted  in  the  highest  electrocat- 
alytic  activity  on  methanol  oxidation. 
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